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Abstract
The hexagonal boron nitride (h-BN) nanomesh is a promising 2D material for driving the selfassembly of metal nanoparticles with potential catalytic applications. Herein the adsorption of
Au, Pt, Ag, Pd, Cu, and Ni adatoms on h-BN/Rh(111) is investigated using density functional
theory (DFT) calculations to determine the ability of this pore-wire structure to facilitate the
formation of size-limited, monodisperse metal nanoparticles. While all six metal atoms exhibit
covalent coupling and negative charging following their adsorption in the pore region, only Au
and Pt have sufficiently large diffusion barriers (> 1.2 eV) to prevent pore-to-pore diffusion at
room temperature. In contrast, Ag and Cu have pore-to-pore diffusion barriers of only ~0.5 eV,
while Pd and Ni show no special affinity for any specific region of the nanomesh. For
verification, we have imaged Au, Pt, and Ag on h-BN/Rh(111) at room temperature and
submonolayer depositions using STM. Au and Pt form numerous small nanoparticles confined
to the pore regions, whereas Ag only forms a few large particles. The difference is fully
consistent with the DFT predictions, indicating that our approach has the qualitatively predictive
power for nanoparticle nucleation and growth behavior on the h-BN/Rh(111) nanomesh.
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1. Introduction
The catalytic properties of transition metal (TM) nanoparticles can differ substantially from those
associated with their bulk crystalline phase.[1-3] Since the discovery that Au nanoparticles
supported on various TM oxide surfaces are active toward low temperature CO oxidation,[4] the
catalytic properties of Au clusters in particular have been the subject of considerable interest in
the catalysis community.[5-8] However, particle size effects are not confined to Au. Ag, Cu, Pt,
and Ru nanoparticles are all known to exhibit cluster size-dependent activities for various
catalytic processes, in contrast with the behavior of their bulk crystalline surfaces.[9-13]
The origins of size-dependent catalytic activity have yet to be fully understood. In the
prototypical case of CO oxidation on Au nanoparticles, particle size and morphology, charging
effects, and interfacial sites between Au and its support have all been suggested by various
authors as key to the reactivity of nano-sized Au.[5, 7, 14-20] Clearly it would be advantageous
to have a platform for examining the activity of metal nanoparticles on a support material that is
chemically inert and yet promotes the formation of nano-meter sized metal clusters, which
appear to be incompatible demands on material properties at first. Recently, however, graphene
and hexagonal boron nitride (h-BN) 2D films formed on metal surfaces have been suggested to
be suitable for this task.[21] Their chemical inertness is evidenced by the fact that
graphene/Ru(0001) and h-BN/Rh(111) remain intact following exposure to air.[22, 23] A
number of well ordered, size-limited, and monodisperse TM nanoparticles have been assembled
on the graphene and h-BN “nanomesh” surfaces.[24-29] The critical property governing the
ability of the graphene and h-BN nanomeshes to effectively keep deposited TMs from
agglomerating is their periodically corrugated surfaces, which are characterized by repeated
alternation between high and low regions on the 2D film surface.[30, 31] This feature results
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from the lattice mismatch between the 2D films with the underlying metal substrate, which leads
to a constantly shifting atomic registry with respect to the metal substrate. The variable nature of
the interactions of the high vs. low regions of the nanomesh with the substrate renders them
chemically distinct. This is evidenced by the shifting of valence σ and π states of the high vs.
low regions to different energies.[32, 33] As a result, atoms or molecules deposited on such a
nanomesh surface frequently exhibit preferential binding to the low regions of graphene moiré
and h-BN nanomeshes.[34-36] Thus the low regions can be regarded as a periodic array of
identical traps for cluster nucleation. Still, subsequent cluster growth depends on a delicate
balance between the cohesive energy of the deposited TM and its interaction with the 2D
film.[26] Hence the ability of a given nanomesh to induce the self-assembly of TM into
dispersed nanoparticles varies from metal to metal.[36, 37]
Recent reports indicate that h-BN/Rh(111) in particular can drive the self-assembly of Au
clusters with morphology, charging, and CO adsorption energies similar to catalytically active
Au clusters grown on oxide supports.[27, 38] The h-BN/Rh(111) nanomesh exhibits a
periodicity of 3.2 nm, and adopts a pore-wire structure, in which a low-lying pore region are
surrounded by high lying wire regions (Figure 1).[31, 39] Notably the large corrugation (> 2.0
Å) of the h-BN/Rh(111) nanomesh leads to a significant split in the energies of its BN valence
states and therefore distinct chemical reactivity for the high vs. low regions.[32, 33] Thus the hBN/Rh(111) nanomesh surface may be expected to promote the self-assembly of well-ordered,
size-limited nanoparticles for TMs besides Au for model catalytic studies.
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Figure 1: a) Top and b) side views of the optB86b-vdW optimized h-BN/Rh(111) unit cell. The three
different high-symmetry BN registries with respect to the metal substrate and the nanomesh periodicity
and corrugation are indicated. (c-e): Top views of the (4×4) (fcc-top), (top-hcp), (hcp-fcc) model cells.

Herein we examine the adsorption of Au, Pt, Ag, Pd, Cu, and Ni adatoms on hBN/Rh(111) via DFT calculations as a simple test of the ability of the h-BN pore-wire structure
to limit adatom diffusion, and hence to promote size-controlled cluster growth. Due to the large
size of the full h-BN/Rh(111) unit cell, we mainly employ the model cell approach previously
utilized by Koch and coworkers[40] for studying adatom adsorption on h-BN/Rh(111), but with
an important modification (explained below). In general, all metal atoms are negatively charged
upon adsorption on B in the pore region, and significant metal-boron covalent coupling is
observed. However, the preference for a given adatom to remain confined to the pore region
varies considerably among the TMs considered. While Au and Pt are predicted to exhibit poreto-pore diffusion barriers > 1.2 eV, the corresponding values for Ag and Cu are only ~0.5 eV,
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and Pd and Ni show no special affinity for any specific region of the nanomesh. Thus only Au
and Pt are expected to form large arrays of monodisperse nanoparticles on h-BN/Rh(111) at
room temperature. We have furthermore imaged Au, Pt, and Ag nanoparticles grown on hBN/Rh(111) at submonolayer coverages using STM, which qualitatively confirms our theoretical
predictions. While Au and Pt nanoparticles indeed remain confined to the nanomesh pores,
resulting in uniform monolayer and bilayer clusters, Ag deposition yields a few large particles
that are several layers high with diameters many times the pore diameters of h-BN/Rh(111).

2. Material and Methods
2.1 Computational Methods

Periodic density functional theory calculations were performed using the optB86b-vdW
functional of Klimeš et al.[41] as implemented in the Vienna Ab initio Simulations Package
(VASP, v. 5.3).[42] The Kohn-Sham eigenstates were expanded in a plane wave basis up to a
cutoff energy of 400 eV. Core electrons were modeled via the projector augmented wave
formalism.[43] The electronic states were smeared with a width of 0.1 eV using the Methfessel–
Paxton approach,[44] and all total energies were extrapolated back to 0 K. The geometry
optimization convergence criterion for all modeled structures was set to 0.03 eV/Å for each
relaxed degree of freedom.
The full h-BN/Rh(111) nanomesh was modeled by placing a (13×13)-h-BN monolayer
on one side of a three-layer thick (12×12) Rh(111) slab. The h-BN film, the top layer of Rh
atoms, and any metal atoms deposited thereon were fully relaxed while holding the bottom two
Rh atomic layers fixed. Electrostatic decoupling[45] along with > 12 Å of vacuum space were
5

employed in the z direction to minimize interactions between neighboring slab images. Due to
the large number of atoms in the full unit cell (≥ 770), which incur a substantial computational
expense, reciprocal space was sampled at the Γ point only. Further details structural details of
the h-BN/Rh(111) nanomesh geometry,[33] and that of Au clusters adsorbed in the pore region
of the nanomesh,[27] can be found in the respective references.
Following Koch and coworkers,[40] the full h-BN/Rh(111) cell was modeled via three
separate commensurate (4×4) h-BN/Rh(111) supercells where the registry of the B and N atoms
with respect to the Rh surface are BN(fcc,top), BN(top,hcp), and BN(hcp,fcc). The first registry
corresponds to the pore region, and the latter two to the wire region (Figure 1). As was the case
for the full unit cells, the model cells were constructed by placing a monolayer h-BN film on one
side of a three-layer thick Rh(111) slab. Electrostatic decoupling and > 12 Å of vacuum space
were likewise applied in the z direction to minimize interactions between neighboring slab
images. The surface Brillouin zone was sampled via a 4×4×1 Monkhorst–Pack k-point grid.
When comparing the adsorption energies of Au adatoms at selected positions on the
model cells to those on the full h-BN/Rh(111) unit cell, much closer agreement was obtained by
allowing the z coordinates of the entire h-BN film to relax, vs. holding the film fixed, or only
allowing B and N atoms under the adsorbed Au atom to relax. Hence in all geometry
optimizations on the model cells the z coordinates of the entire h-BN film along with adsorbed
metal atoms were relaxed, while their lateral coordinates and the entire Rh(111) substrate were
held fixed. As discussed in Koch et al.[40] the lattice mismatch (~8%) between h-BN and Rh
requires that the monolayer film be stretched, or the metal substrate be compressed, in order to
make them commensurate. We observed that the adsorption energy of an Au adatom in the pore
region of the full h-BN/Rh(111) unit cell was most closely replicated by a (4×4) model cell
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utilizing the average of the h-BN and Rh lattice constants, rather than the equilibrium lattice
constant of either h-BN or Rh. Hence, all model cells use the average of the optB86b-vdW
calculated h-BN (2.514 × √2 = 3.555 Å) and Rh (3.803 Å) lattice constants, i.e., 3.679 Å, which
represents a stretching of 3.5% for h-BN and a compression of 3.3% for Rh. This deviates from
the literature and represents a compromise between film stretching and Rh compression, and its
use is justified by the good agreement with adsorption energies determined for the full unit cell,
as discussed in the next section. The calculated lattice constants for h-BN and Rh are in good
agreement with available experimental values (2.504[46] and 3.80 Å[47], respectively).
The adsorption energy (Eads) of a TM adatom was computed as:
Eads = ETM/h-BN/Rh(111) – Eh-BN/Rh(111) − ETM

(1)

where ETM/h-BN/Rh(111) is the total energy of the adsorbed TM adatom on the full or model hBN/Rh(111) cell surface, Eh-BN/Rh(111) is the energy of the full or model h-BN/Rh(111) cell, and
ETM is the energy of the gas phase TM atom. The influence of spin polarization on the adatom
adsorption energies in the model unit cells was examined, and spin polarized calculations were
employed in cases where the effect on the calculated adsorption energy exceeded 0.05 eV. This
was found to be the case for Cu adsorption in the wire registries, and Ni adsorption on all three
registries. Adsorption energies for Au clusters in the pore of the h-BN/Rh(111) surface were
calculated as:
Eads = (Ecluster/h-BN/Rh(111) – Eh-BN/Rh(111) – nAuEAu)/nAu

(2)

where EAu is the energy of a bulk (fcc) phase Au atom.
In this study we estimate activation barriers for diffusion, both local (i.e. within the pore
region) and global (between adjacent nanomesh unit cells), from the adatom adsorption energies
on high-symmetry sites (e.g. on top of B, N; on the middle of a BN bond; in the center of a (BN)3
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ring) because they afford a partial potential energy surface (PES) for the (BN)3 hexagonal ring in
each region. Possible diffusion pathways considered include, but are not limited to, B→BN→N,
B→ring center→N, etc. The one with the lowest energy change is identified as the likely
diffusion pathway, and the energy difference is reported as the estimated local diffusion barrier.
While the use of the nudged elastic band (NEB) method may provide some improvements to the
estimated local diffusion barriers, such improvements are likely to be overshadowed by the
errors inherent in the model cell approach. Moreover, the NEB method is not well suited for
directly calculating the global barrier for diffusion from one nanomesh unit cell to the next, due
to the multiplicity of possible diffusion pathways and large size of the unit cell. We use the
energy difference between the most stable site in the pore region and the most likely transition
state for diffusion in one of the wire regions as the global diffusion barrier. Our previous studies
on adatom diffusion on graphene moiré/Ru(0001)[34, 36] suggest that the model cell approach
offers good estimates of the global diffusion barriers (as estimated by a coarse-grained PES of
the full graphene moiré unit cell) and correctly captures the relative ease of diffusion for
different metal adatoms. Thus, even though the quantitative barriers may not be known exactly,
this comparative study is able to reveal and predict the systematic trends in the nucleation and
growth modes for different metals, as is confirmed with STM.
To gain insight into the covalent bonding/anti-bonding interactions between various TM
species and the h-BN/Rh(111) nanomesh in the pore vs. wire region, we also calculated the
crystal orbital overlap populations (COOP),[48, 49] also called an overlap population weighted
density of states, between adsorbed TMs and their B or N adsorption sites for the BN(fcc,top)
and BN(hcp,fcc) registries. The COOP between two atoms is obtained via a change of basis
from plane waves to atomic orbitals, and a subsequent multiplication of the density of states
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(DOS) by the overlap population (which measures the electron density in the bonding region)
between two atoms. A COOP value of zero within a given energy range is indicative of nonbonding states, while positive and negative values indicate covalent bonding and antibonding
states respectively. Integrating the COOP up to the Fermi level yields the total overlap
population (ICOOP) between two atoms. The COOP may be further dissected into its respective
orbital pair contributions (e.g., B(2pz)-Au(6s), B(2pz)-Au(5dz2), etc. for Au-B coupling) to
determine the primary valence orbital interactions which give rise to the ICOOP. All COOP
computations were performed using the LOBSTER (v. 2.0) program.[50, 51]
Charge transfer to TM atoms or clusters was also assessed via Bader charge analysis[52]
of the BN(fcc,top) and BN(hcp,fcc) registry model cells. The Bader charge of an atom is
obtained by integrating the electron density within its atomic boundary, where the boundaries
between atoms are defined as surfaces of zero flux in the electron density gradient. The atomic
boundaries and integrated charge densities were computed using a script developed by
Henkelman and coworkers.[53]

2.2 Experimental Methods
STM experiments were performed in an ultra-high vacuum system with a base pressure of
1×10-10 Torr consisting of two chambers connected by a gate valve, as described in our previous
work.[27] The Rh(111) single crystal was cleaned by repeated cycles of 15 minutes of Ne+
sputtering and flashing by e-beam annealing to 1175 K. h-BN films were grown by exposing the
clean sample held at 975 K to borazine at a pressure of 1×10-7 Torr for 20 minutes, which
resulted in a complete, clean, and well-ordered h-BN film as monitored by LEED and STM.
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Au and Ag were evaporated onto the sample from home-built thermal evaporators (Au or
Ag wire wrapped around a tungsten filament) in the preparation chamber before transferring the
sample into the STM. Pt was evaporated using a McAllister electron beam evaporator installed
on our Omicron VT STM XA system. All metal deposition and STM measurements were done
with the sample held at 300 K. Metal coverages were determined by measuring the total number
of deposited metal atoms in the acquired STM images and converting this to an equivalent
coverage in monolayers (ML), where 1 ML represents the density of the Rh(111) surface,
1.6×1015 atoms/cm2.
STM experiments were performed using electrochemically etched tungsten tips for Au,
and PtIr tips for the Pt and Ag. The applied tunneling voltage and current for each STM
measurement are noted in their respective images below. In general we observed that tunneling
currents above ~100 pA resulted in the tip picking up and dragging clusters along the surface,
regardless of the tip material or deposited metal.

3. Results and Discussion
3.1 Comparison of Au and Pt adsorption energies on full and model h-BN/Rh(111) cells

We first assess the accuracy of TM adsorption energies computed using the commensurate
registry model cell approach. Table 1 compares the adsorption energies for Au and Pt adatoms
on the full unit cell at positions in the pore and wire regions where the registry between the BN
film and Rh surface most closely match the BN(fcc,top), BN(top,hcp), and BN(hcp,fcc)
descriptions, with the corresponding values obtained on the commensurate model cells. As seen
in Table 1, the adsorption energies of both Au and Pt adatoms calculated using the
10

commensurate BN(fcc,top) model cell agree with those based on the full unit cell to within 0.05
eV. For comparison, Koch et al. previously compared Au adatom adsorption in the pore region
of the full h-BN/Rh(111) cell to a commensurate BN(fcc,top) model cell based on the h-BN
lattice constant, and found that the latter underestimated the Au adsorption energy by just over
0.4 eV.[40] Thus the average lattice constant approach employed here provides better accuracy
when estimating metal adsorption energies in the pore region of h-BN/Rh(111).

Table 1: Comparison of the adsorption energies (in eV) of Au and Pt adatoms on the full
and model h-BN/Rh(111) unit cells for each film–Rh(111) registry. The atomic
adsorption sites are indicated in parentheses.
Registry
Au
Pt
full cell
model cell
full cell
model cell
BN(fcc,top)
-2.10 (B)
-2.10 (B)
-2.86 (B)
-2.91 (B)
BN(top,hcp)
-1.04 (B)
-0.86 (B)
-2.05 (N)
-2.35 (N)
BN(hcp,fcc)
-0.80 (B)
-0.77 (B)
-1.99 (N)
-2.32 (N)

In the wire region of the full h-BN/Rh(111) unit cell, the Au adatom also preferentially
binds to B, and exhibits a slightly higher adsorption energy in the BN(top,hcp) region compared
to the BN(hcp,fcc) region. This preference, as well magnitude of the binding energy, are seen to
be reasonably well reproduced by the commensurate model cell approach, where the maximum
error in the Au adsorption energy occurs for the BN(top,hcp) registry, and is less than 0.2 eV. Pt
prefers to bind to N in the wire region, with adsorption in the BN(top,hcp) region also yielding a
slightly stronger binding energy than that found for BN(hcp,fcc). Again the model cells
accurately predict this preference, while their estimates for the total adsorption energies are seen
to agree with those of the full cell to within ~0.3 eV. The somewhat better performance for the
BN(fcc,top) model cell compared to its BN(top,hcp) and BN(hcp,fcc) counterparts may be due to
its closer resemblance to the corresponding atomic positions in the full h-BN/Rh(111) cell. As
mentioned above, the use of the average of the h-BN and Rh lattice constants slightly stretches
11

the 2D film. In the full h-BN/Rh(111) nanomesh, the BN film is naturally stretched in the pore
region, resulting in a typical B-N bond length of about 1.49 Å. In the commensurate model cells,
the stretching of the BN film results in B-N bond lengths of 1.50 Å, in closest agreement with the
pore region. Additionally, the height of the BN film above the Rh substrate are well matched in
the full and model pore regions (2.39 vs. 2.28 Å respectively). In contrast, the wire regions of
the h-BN/Rh(111) nanomesh exhibit compressed B-N bond lengths of approximately 1.44 Å, and
variable vertical displacements above the Rh support. These features are less well replicated by
the 1.50 Å B-N bond lengths and essentially constant vertical displacements of the BN film for
the BN(top,hcp) and BN(hcp, fcc) model cells, which are 3.51 and 3.60 Å respectively.
The present results show that the use of commensurate model cells with averaged lattice
constant can provide improved estimates of TM atom adsorption energies and diffusion barriers
on the full h-BN/Rh(111) nanomesh. Moreover, the present (4 × 4)-h-BN/Rh(111) models
contain only 80 atoms compared to the 770 for the full h-BN/Rh(111) cell. Hence, while
electronic structure calculations involving the latter cell presently incur a substantial
computational expense, the computing time required of the former is far less by comparison.
Before moving on to the results for TM adatom adsorption on various sites in the three hBN/Rh(111) nanomesh registries, we further show that the commensurate BN(fcc,top) model
cell can also be used to accurately model the properties of Au clusters confined to the pore
region of h-BN/Rh(111), which was the approach employed by Koch et al. in another recent
study.[54] Table 2 compares the adsorption energies (with respect to bulk Au, eq. 2) and the
average Bader charges per Au atom of various 2D Au clusters trapped in the pores of the full hBN/Rh(111) cell, with those of the commensurate BN(fcc,top) model. The 2D cluster
geometries (and adsorption energies) for the full cell have been reported previously.[27] They
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may or may not represent the global minimum for a given Au cluster size, although we
previously found that Au clusters formed in the pore region of h-BN/Rh(111) transition from
monolayer to bilayer geometries around a size of 30 atoms, which is consistent with STM
evidence.[27] These clusters are used here only to ascertain whether the model cell is capable of
recovering their charges and energies. Briefly the 2D cluster geometries are linear for Au2,
triangular for Au3, and hexagonal for Au7-30 where the hexagonal cluster geometries were
obtained by cutting the top layer of an Au(111) surface (images of each optimized Aux cluster
are provided in the Supporting Information).

Table 2: Comparison of the adsorption energies (Eads, in eV) and average
charges (in |e|) per Au atom of Aux clusters in the pore region of the full hBN/Rh(111) unit cell vs. on the BN(fcc,top) commensurate model unit cell.
Registry
Average Au Charge
Eads
full cell
model cell
full cell
model cell
Au1
1.53
1.50
-0.46
-0.46
Au2
1.51
1.51
-0.36
-0.35
Au3
1.52
1.50
-0.32
-0.30
Au7
1.18
1.14
-0.19
-0.16
Au19
0.79
0.77
-0.12
-0.11
Au30
0.69
0.67
-0.08
-0.09

As is the case for an Au adatom adsorbed in the pore region, the binding energies of Au
clusters consisting of up to 30 atoms are reproduced by the commensurate BN(fcc,top) model
cell with an accuracy of no less than 0.05 eV. As Au nanoparticles become negatively charged
upon adsorption in the pores of h-BN/Rh(111),[27] which may serve to enhance their catalytic
properties,[5] the degree to which a model cell captures this charge transfer from the support is
also critical for assessing its capability to effectively reproduce the electronic properties of
nanoclusters supported on the nanomesh surface. As shown in Table 2, the average charge per
Au atom is reproduced to within 0.03 |e| by the present commensurate BN(fcc,top) pore model,
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clearly indicating that charge transfer characteristics can also be accurately reproduced via such
model cells. For larger Au clusters, the size of the model cells must be increased in order to
prevent the modeled nanoparticle from interacting with its lateral periodic images. While a (4 ×
4)-h-BN/Rh(111) supercell is sufficient to prevent such interactions for Au1-3 clusters, the Au7,
Au19, and Au30, clusters required (5 × 5), (6 × 6), and (8 × 8) supercells, respectively. We note
that the lateral dimensions of the (8 × 8) supercell approximately correspond to the pore diameter
of the full h-BN/Rh(111) unit cell (~2.1 nm), and therefore this cell represents the maximum size
of a pore model cell for the nanomesh.

3.2 Au adsorption on h-BN/Rh(111)

The adsorption energies of an Au adatom and nearest neighbor B-Au and N-Au distances on
various sites of the three commensurate registry model cells are presented in Table 3. With the
exception of Au adsorbed on the midpoint of BN bonds (labeled “BN” in Table 3), we note that
similar results have been reported previously by Koch and coworkers using (4 × 4)
commensurate model cells at the h-BN lattice constant.[40] Au is found to adsorb most strongly
on top of B sites in the pore region, and has an Eads of -2.10 eV and a B-Au bond distance of
2.12 Å. The B-Au coupling results in a large vertical upshift of B towards Au of 0.49 Å relative
to its nearest B neighbors (Figure 2a), which was proposed by Koch et al. to result from a
sizeable covalent bonding interaction between B and Au. To shed light on the nature of this
covalent electron sharing, the B-Au COOP as well as its most significant pairwise orbital
contributions are given in Figure 2b. The ICOOP for the B-Au interaction following Au
adsorption on B is 0.30, consistent with a covalent bonding interaction, and the main orbital pair
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contribution is seen to come from strong B(2pz)-Au(6s) hybridization occurring at just over 1.0
eV below the Fermi level. A secondary contribution from B(2s)-Au(6s) in the same energy
range is also apparent. In addition to the covalent character of the B-Au interaction, Bader
charge analysis reveals that Au adsorption is also associated with significant charge transfer to
Au, resulting in negative Au charging by -0.46 |e| (Figure 2a).

Table 3: Au adatom adsorption energies
(Eads, in eV) and nearest neighbor B-Au
and N-Au distances (dB-Au and dN-Au, in
Å) on the three h-BN/Rh(111) model unit
cells.
Eads
dB-Au
dN-Au
BN(fcc,top)
B
2.12
2.96
-2.10
N
2.90
2.62
-1.31
BN
2.20
2.68
-1.86
hollow
2.84
2.93
-1.34
BN(top,hcp)
B
2.28
2.89
-0.86
N
2.84
2.48
-0.76
BN
2.38
2.59
-0.81
hollow
2.89
2.93
-0.68
BN(hcp,fcc)
B
2.30
2.88
-0.77
N
2.82
2.46
-0.69
BN
2.41
2.58
-0.73
hollow
2.91
2.91
-0.61

15

Figure 2: a) Au adsorbed on B in the h-BN/Rh(111) BN(fcc,top) region; the ICOOP, Au charge, and
vertical shift of the atomic adsorption site are indicated. b) B-Au COOP profiles for a). c) and d) the
corresponding results for Au adsorption on N in the BN(fcc,top) region.

In contrast, the Au adsorption energy on N in the pore region is only -1.31 eV, and N-Au
coupling results in a downward vertical shift of N relative to its nearest N neighbors of -0.12 Å
(Figure 2c) resulting in an N-Au bond length of 2.90 Å. This result, along with the fact that the
electron density in the binding region between the N and Au is depleted,[40] indicate an
antibonding interaction. This is supported by the mostly negative COOP for N-Au coupling seen
in Figure 2d, which leads to an ICOOP value of -0.15. This antibonding character results mainly
from N(2s)-Au(6s) antibonding states just below the Fermi level, with N(2pz)-Au(6s)
antibonding states also making a secondary contribution. It is interesting to note that the B
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atoms directly bonded to N exhibits an upward vertical shift of 0.11 Å, evidence of offsetting NAu antibonding character with B-Au bonding. Nonetheless significant charge transfer to Au
following adsorption on pore N atoms is also predicted, as Au gains a net charge of -0.45 |e|.
The results for Au adsorption in the two wire registries are very similar, which is also the
case for all of the TMs considered in this study. Therefore we discuss mainly the BN(hcp,fcc)
results throughout the text, where the BN film is slightly more decoupled (~0.1 Å) from the Rh
support than in BN(top,hcp). The Au adsorption energies decrease substantially at all positions
relative to their values in the pore (i.e., (fcc,top)) regions. Adsorption on B is still favored over
N, but the increased B-Au bond length (2.30 Å) suggests a weakened B-Au interaction, which is
also supported by the fact that the upward vertical shift of B decreases to only 0.14 Å. This is
consistent with a decrease in the B-Au ICOOP to 0.16, mainly due to the fact that about half of
the B(2pz)-Au(6s) and B(2s)-Au(6s) bonding states are shifted above the Fermi level (results not
shown). In addition, charge transfer to Au is significantly weakened, as Au exhibits a charge of 0.22 |e|. Hence the preference for Au to bind to B in the pore region rather than the wire region
results from greater charge transfer to Au in the electron-rich pore region, and from enhanced BAu covalent bonding due principally to B(2pz)-Au(6s) hybridization. The Eads for Au on N is
less exothermic (-0.69 eV), and the N-Au antibonding character is slightly diminished (ICOOP =
-0.10). This results in a smaller downward vertical shift of N relative to its nearest N neighbors
of -0.08 Å, and a decrease of N-Au bond length to 2.46 Å. At the same time a significant
decrease in charge transfer to Au is observed, as the negative charge on Au decreases to -0.11 |e|.
Thus Au adsorption on the pore region of h-BN/Rh(111) is associated with a net increase
in charge density relative to the wire regions for both B and N sites, while an additional covalent
bonding contribution also results from adsorption on B. The adsorption energies in the pore are
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in the order of B < BN < hollow ≈ N (least being most exothermic), suggesting that Au diffuses
in the pore has an activation barrier of -1.34 – (-2.10) = 0.76 eV. The lowest energy migration
pathway between pores would be over the wire region in the BN(top,hcp) registry, where
diffusion along BN bonds is favored since Eads(N-Au) < Eads(hollow-Au). Based on the
partial PES mapping provided in Table 3, the pore-to-pore diffusion barrier is estimated to be 0.76 – (-2.10) = 1.34 eV, which is in good agreement with a previous estimate.[40]

3.3 Pt adsorption on h-BN/Rh(111)

The results for Pt adatom adsorption are provided in Table 4. Like Au, Pt prefers to adsorb on B,
which exhibits a large vertical upshift toward Pt relative to its surrounding B neighbors of 0.52
Å, indicating strong B-Pt covalent coupling. Eads for Pt on B is found to be -2.91 eV, which
exceeds the -2.10 eV for Au. The degree of charge transfer from the support to Pt following
adsorption also exceeds that of Au, as Pt is negatively charged by -0.69 |e| (Figure 3a). Like Au,
the Pt’s ICOOP assumes a large positive (bonding) value in the pore of 0.31, which comes
primarily from B(2pz)-Pt(6s) interactions near the Fermi level (Figure 3b). Additionally,
secondary B(2s)-Pt(5dz2) and B(2pz)-Pt(5dz2) interactions also contribute to covalent electron
sharing.
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Table 4: Pt adatom adsorption energies
(Eads, in eV) and nearest neighbor B-Pt
and N-Pt distances (dB-Pt and dN-Pt, in Å)
on the three h-BN/Rh(111) model unit
cells.
Eads
dB-Pt
dN-Pt
BN(fcc,top)
B
1.99
2.89
-2.91
N
2.31
2.25
-2.89
BN
2.02
2.44
-2.85
hollow
2.31
2.62
-2.83
BN(top,hcp)
B
2.08
2.67
-1.57
N
2.40
2.03
-2.35
BN
2.13
2.10
-2.04
hollow
2.39
2.49
-1.68
BN(hcp,fcc)
B
2.09
2.66
-1.46
N
2.40
2.03
-2.32
BN
2.13
2.10
-2.00
hollow
2.39
2.48
-1.60
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Figure 3: a) Pt adsorbed on B in the h-BN/Rh(111) BN(fcc,top) region; the ICOOP, Pt charge, and
vertical shift of the atomic adsorption site are indicated. b) B-Pt COOP profiles for a). c) and d) the
corresponding results for Pt adsorption on N in the BN(fcc,top) region.

Unlike Au, the affinity of Pt for N and B sites is almost equally strong. This is somewhat
surprising given the strong downward vertical shift of the N directly under Pt, -0.26 Å relative to
its nearest N neighbors, and a negative ICOOP value of -0.22 for N-Pt (Figure 3c). However,
this antibonding interaction is offset by an even greater (0.34 Å) upward vertical shift of the B
atoms attached directly to the N. As a result, the 2.25 Å N-Pt bond length is nearly equal to the
three 2.31 Å B-Pt distances found for B atoms directly neighboring the N adsorption site (Table
4), which suggests that these stabilizing B-Pt contacts compensate for N-Pt antibonding.
Significant charge transfer from the support to Pt may also afford additional stabilization, as Pt
adsorbed on N receives a negative charge equal to -0.47 |e|. As for Au, the main pairwise orbital
interactions responsible for N-Pt antibonding are the N(2s) and N(2pz) orbital interactions with
the Pt(6s) orbital near the Fermi level (Figure 3d). However in contrast to Au, the Pt adsorption
energies at BN bond centers and ring hollow locations are very close to those seen for B and N
sites, which indicates that Pt diffusion inside the pores of h-BN/Rh(111) is facile.
The interaction between Pt and all four adsorption sites are diminished in the wire region.
For B, the Eads falls to -1.46 eV in the BN(top,hcp) registry compared to -2.91 eV in the pores.
The B-Pt ICOOP value drops substantially to 0.12, and as a result the B-Pt bond length increases
to 2.09 Å while the vertical upshift in B relative to its neighbors decreases to 0.09 Å. This is
attributable mainly to the shifting of B(2pz)-Pt(6s) bonding states above the Fermi level. The
degree of charge transfer is also lessened as the charge on Pt is only -0.12 |e|. The decrease in
Eads for N wire vs. pore sites is found to be much less, as the N-Pt binding energy only falls to 20

2.32 eV. Hence Pt prefers to adsorb on N sites in the wire regions, which is consistent with the
results obtained for the full unit cell shown in Table 1. While the much smaller negative charge
of Pt (-0.10 |e|) in the wire region indicates weaker charge transfer, the N-Pt ICOOP value
increases from -0.22 to -0.02 on moving to the wires, indicating a transition from an antibonding
to a nonbonding interaction which stabilizes Pt adsorption on N. This results from the
antibonding states involving N(2s) and N(2pz) with the Au(6s) orbital being pushed mostly
above the Fermi level, which also causes a sizable decrease in the N-Pt bond length from 2.25 Å
in the pores to 2.03 Å in the wires.
Thus, Pt adsorption in the pore region of h-BN/Rh(111) is also associated with increased
charge transfer relative to the wire regions for both B and N sites, and an additional covalent
bonding contribution also results from adsorption on B. Within the pores, Pt migration is
predicted not to be hampered by any significant energetic barrier. The most facile route for Pt
diffusion between pores also involves a migration pathway through the BN(top,hcp) region of the
wires. In the BN(top,hcp) wire region, Pt is most likely to diffuse via hopping from hollow to N
sites until reaching an adjacent pore, bypassing B sites. The global diffusion barrier is estimated
to be -1.68 – (-2.91) = 1.23 eV.

3.4 Ag adsorption on h-BN/Rh(111)

As seen in Table 5, the Ag interaction with h-BN/Rh(111) is much weaker than Au and Pt.
Again the most favored adsorption site is on top of B in the pore region, with an Eads of -0.88
eV. The B-Ag bond length is 2.24 Å, and the B bonded to Ag exhibits an vertical upshift of 0.46
Å relative to its nearest B neighbors (Figure 4a). Similar to Au and Pt, this vertical shift results
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from a covalent bonding interaction, as the B-Ag ICOOP value is computed to be 0.26. The
main orbital pair interaction responsible for bonding is B(2pz)-Ag(5s), while secondary
contributions from B(2s)-Ag(5s) and B(2pz)-Ag(4dz2) are also evident (Figure 4b). Ag also
assumes a small negative charge of -0.18 |e| following adsorption on B. The adsorption energy
for Ag on N sites is -0.58 eV, and the corresponding N-Ag bond length is 2.62 Å. No significant
vertical shift in either the bonded N atom or its B neighbors is observed, which is consistent with
the fact that the N-Ag ICOOP is essentially zero (i.e., nonbonding). Charge transfer to Ag
adsorbed on the N site is also less than on the B site, as the Ag charge is only -0.05 |e|.
Table 5: Ag adatom adsorption energies
(Eads, in eV) and nearest neighbor B-Ag
and N-Ag distances (dB-Ag and dN-Ag, in
Å) on the three h-BN/Rh(111) model unit
cells.
Eads
dB-Ag
dN-Ag
BN(fcc,top)
B
2.24
3.01
-0.88
N
3.13
2.62
-0.58
BN
2.33
2.71
-0.74
hollow
3.12
3.05
-0.58
BN(top,hcp)
B
2.45
2.87
-0.45
N
2.90
2.45
-0.45
BN
2.55
2.54
-0.45
hollow
2.85
2.84
-0.43
BN(hcp,fcc)
B
2.45
2.87
-0.43
N
2.90
2.46
-0.43
BN
2.57
2.56
-0.42
hollow
2.84
2.83
-0.40
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Figure 4: a) Ag adsorbed on B in the h-BN/Rh(111) BN(fcc,top) region; the ICOOP, Ag charge, and
vertical shift of the atomic adsorption site are indicated. b) B-Ag COOP profiles for a).

The wire regions of the h-BN/Rh(111) nanomesh bind Ag less strongly than the pores,
however the difference in the pore vs. wire adsorption energies are much smaller than those seen
for Au and Pt. Additionally, no preference for various wire adsorption sites is observed,
suggesting Ag diffusion in the BN(top,hcp) and BN(hcp,fcc) registries is facile. The Eads for B
sites is -0.43 eV, and the B-Ag bond is lengthened by 0.21 Å relative to the pore region, to 2.45
Å. No vertical displacement of B occurs, consistent with a small nonbonding value of 0.03 for
the B-Ag ICOOP. In further contrast with adsorption in the pore, charge transfer proceeds in the
opposite direction in the wires as Ag assumes a positive charge of +0.20 |e|. Similarly, Ag
adsorption on N results in an Eads of -0.43 eV. The ICOOP remains nonbonding, and no
significant vertical displacements of the N adsorption site or its B neighbors occurs (≤ 0.02 Å).
Charge transfer again proceeds from Ag to the support, as Ag adopts a positive charge of +0.23
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|e|. Hence Ag adsorption on the h-BN/Rh(111) nanomesh is characterized by a net gain of
electrons in the pore, but a net loss in the wires.
In the pore region, the Ag adsorption energies on the N and ring hollow sites are both 0.58 eV. Thus diffusion can occur either over BN bonds or from B sites to hollow sites with an
estimated activation barrier of only -0.58 – (-0.88) = 0.30 eV. Moreover, there is essentially no
preferred diffusion pathway in the wire registries, as Eads for all sites are nearly equal. The
minimum-energy diffusion pathway for Ag between pores is estimated to occur through the
BN(top,hcp) wire region, with the diffusion barrier being -0.45 – (-0.88) = 0.43 eV.

3.5 Pd adsorption on h-BN/Rh(111)

Just as Pt interacts with the h-BN/Rh(111) nanomesh more strongly than Au, so too does Pd
interact more strongly than Ag. As seen in Table 6, Pd prefers adsorption on top of B in the pore
region, with a Eads of -1.50 eV. The B-Pd bond length is 2.05 Å, and Pd adsorption is
accompanied by a large vertical upshift of the B to which it binds by 0.42 Å. Figure 5 reveals
that the covalent bonding ICOOP value of 0.17 arises in equal parts from stabilizing interactions
between the B(2pz), and Pd(5s) and Pd(4dz2) orbitals near the Fermi level. A -0.21 |e| charge
transfer to Pd also occurs. Eads for N sites is -1.35 eV, and neither charge transfer from nor
covalent coupling with the 2D film is observed.
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Table 6: Pd adatom adsorption energies
(Eads, in eV) and nearest neighbor B-Pd
and N-Pd distances (dB-Pd and dN-Pd, in Å)
on the three h-BN/Rh(111) model unit
cells.
Eads
dB-Pd
dN-Pd
BN(fcc,top)
B
2.05
2.80
-1.50
N
2.59
2.10
-1.35
BN
2.09
2.28
-1.51
hollow
2.47
2.54
-1.24
BN(top,hcp)
B
2.12
2.64
-1.32
N
2.50
2.10
-1.54
BN
2.18
2.21
-1.44
hollow
2.45
2.49
-1.36
BN(hcp,fcc)
B
2.12
2.65
-1.27
N
2.49
2.10
-1.53
BN
2.18
2.21
-1.43
hollow
2.45
2.50
-1.34
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Figure 5: a) Pd adsorbed on B in the h-BN/Rh(111) BN(fcc,top) region; the ICOOP, Pd charge, and
vertical shift of the atomic adsorption site are indicated. b) B-Pd COOP profiles for a).

In the wire regions the preference for B vs. N adsorption is reversed. Pd adsorption on B
in the BN(hcp,fcc) registry is weakened to -1.27 eV, and the B-Pd bond length increases slightly
to 2.12 Å. The vertical upshift of B towards Pd also decreases to 0.06 Å, and the ICOOP value
drops from 0.17 to 0.06 due mainly to the loss of occupied B(2pz)-Pd(5s) states. Similar to Ag,
charge transfer occurs in the opposite direction following adsorption on B in the wire region, as
Pd assumes a small positive charge of +0.08 eV. Interestingly the Eads of -1.53 eV associated
with Pd adsorption on N in the BN(hcp,fcc) registry is not only found to be more favorable than
found for B in the wire regions, but it is also more favorable than all adsorption sites in the
BN(fcc,top) pore region. As with N sites in the pore region, no significant charge transfer or
covalent coupling due to interactions with the support is observed. The preferred adsorption
sites in each of the three registries all have adsorption energies within 0.04 eV of one another,
suggesting that Pd has little preference between various regions of the h-BN/Rh(111) nanomesh.
In comparing the Eads for Pd on the three different registry model cells, it is clear that
the energetic barriers for Pd diffusion across the h-BN/Rh(111) nanomesh are likely small. In
the BN(fcc,top) registry, Eads goes as BN ≈ B < N < hollow, indicating that diffusion within the
pore region will occur by Pd migration between adjacent B and N sites over BN bonds. The
estimated barrier for this process is only -1.35 – (-1.51) = 0.16 eV. Pore-to-pore diffusion is
likewise estimated to have a small barrier of -1.36 – (-1.51) = 0.15 eV.

3.6 Cu adsorption on h-BN/Rh(111)
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The adsorption characteristics for Cu are detailed in Table 7. Cu prefers adsorption on B in the
pore region, where a Eads of -1.23 eV and a B-Cu bond length is 2.04 Å are predicted. B shifts
upward towards Cu by 0.49 Å, indicating a significant covalent bonding interaction, which is
supported by a B-Cu ICOOP value of 0.28 (Figure 6a). Figure 6b reveals that the main source of
B-Cu electron sharing comes from a collection of B(2pz)-Cu(4s) bonding states just below the
Fermi level, while secondary contributions from B(2s)-Cu(4s) and B(2pz)-Cu(3dz2) are also
evident. The charge on Cu following adsorption on B is computed to be -0.17 |e|, which is
essentially the same degree of charge transfer to Ag and Pd. Adsorption on N has a Eads of 0.81 eV, an N-Cu bond length of 2.03 Å, and a nonbonding ICOOP. Charge transfer proceeds
from Cu to the support in this case, as Cu adopts a small positive charge of +0.10 |e|.

Table 7: Cu adatom adsorption energies
(Eads, in eV) and nearest neighbor B-Cu
and N-Cu distances (dB-Cu and dN-Cu, in
Å) on the three h-BN/Rh(111) model unit
cells.
Eads
dB-Cu
dN-Cu
BN(fcc,top)
B
2.04
2.87
-1.23
N
2.78
2.03
-0.81
BN
2.09
2.51
-1.06
hollow
2.77
2.74
-0.66
BN(top,hcp)
B
2.15
2.62
-0.65
N
2.56
2.03
-0.80
BN
2.20
2.13
-0.74
hollow
2.42
2.39
-0.66
BN(hcp,fcc)
B
2.12
2.59
-0.58
N
2.56
2.03
-0.79
BN
2.21
2.14
-0.73
hollow
2.43
2.41
-0.64
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Figure 6: a) Cu adsorbed on B in the h-BN/Rh(111) BN(fcc,top) region; the ICOOP, Cu charge, and
vertical shift of the atomic adsorption site are indicated. b) B-Cu COOP profiles for a).

Adsorption on the BN(hcp,fcc) registry is generally less favorable, indicating a moderate
preference for Cu to remain confined to the pores which is similar to Ag. Cu adsorption on B
has Eads from -1.23 eV in the BN(fcc,top) registry, to -0.58 eV in the BN(hcp,fcc) region, and
the B-Cu distance increases by ~0.10 Å. No upward relaxation of B toward Cu is predicted,
consistent with the nonbonding (0.02) B-Cu ICOOP. Both the direction and magnitude of charge
transfer are reversed, as Cu takes on a +0.23 |e| positive charge. Adsorption on N is slightly
more favorable than B sites in the wires, where Eads is -0.79 eV, and charge transfer from Cu to
the support results in a Cu charge of +0.28 |e|.
While Cu exhibits a clear preference for adsorption on B in the pore region of hBN/Rh(111), the difference in the Eads values between the pore and wires is not as great as
those found for Au and Pt. For the BN(fcc,top) cell, the order of adsorption energy is B < BN <
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N < hollow. Thus Cu diffusion within the pore is predicted to occur via migration between B
and N sites over BN bonds, with an estimated barrier of -0.81 – (-1.23) = 0.42 eV. In the wire
regions B and hollow sites are least favored, with B slightly more so than hollow. In general all
four adsorption sites on the BN(top,hcp) and BN(hcp,fcc) cells lie within ~0.2 eV of one another,
indicating diffusion within the wire regions is facile. Pore-to-pore diffusion is estimated to occur
over the BN(top,hcp) wire region, with a barrier of -0.65 – (-1.23) = 0.58 eV.

3.7 Ni adsorption on h-BN/Rh(111)

Among all of the TM atoms considered, only Ni prefers adsorption on N in the pore region over
B. As shown in Table 8, Ni adsorption on B results in an Eads of -1.40 eV, and a B-Ni bond
length of 1.96 Å. The B atom adsorption site moves upwards 0.49 Å, and the B-Ni ICOOP takes
on a 0.23 bonding value due mainly to a collection of B(2pz)-Ni(4s) bonding states just below the
Fermi level (Figure 7b). The computed charge transfer to Ni is -0.10 |e|, which is the smallest of
any of the TMs studied. Alternatively Ni adsorption at N gives a Eads of -1.52 eV, which is
0.12 eV more stable than that at B sites. The N-Ni bond length is computed to be 1.86 Å, and
neither significant covalent coupling nor charge transfer is observed.
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Table 8: Ni adatom adsorption energies
(Eads, in eV) and nearest neighbor B-Ni
and N-Ni distances (dB-Ni and dN-Ni, in Å)
on the three h-BN/Rh(111) model unit
cells.
Eads
dB-Cu
dN-Cu
BN(fcc,top)
B
1.96
2.81
-1.40
N
2.30
1.86
-1.52
BN
1.93
1.98
-1.51
hollow
2.22
2.28
-1.27
BN(top,hcp)
B
1.94
2.35
-1.07
N
2.28
1.84
-1.72
BN
2.02
1.95
-1.46
hollow
2.17
2.18
-1.54
BN(hcp,fcc)
B
1.94
2.37
-1.02
N
2.30
1.85
-1.69
BN
2.02
1.94
-1.45
hollow
2.17
2.18
-1.48

Figure 7: a) Ni adsorbed on B in the h-BN/Rh(111) BN(fcc,top) region; the ICOOP, Ni charge, and
vertical shift of the atomic adsorption site are indicated. b) B-Ni COOP profiles for a).
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In the wire regions the interaction between Ni and B decreases, as the Eads value for the
BN(hcp,fcc) registry is -1.02 eV. No evidence of covalent coupling is observed, while the
direction of charge transfer is strongly reversed as Ni assumes a charge of +0.34 |e|. Eads for N
sites in the BN(hcp,fcc) registry is -1.69 eV, or about ~0.65 eV more favorable than adsorption
on B. The N-Ni ICOOP is nonbonding, and no significant vertical shifts occur in the BN film.
Charge transfer from Ni to the support yields a Ni charge of +0.20 |e|.
Like Pd, the preferred adsorption site for Ni, considering the entire h-BN/Rh(111)
nanomesh, is predicted to be on N in the wire regions. The next most favorable sites are ring
hollow positions in the wires and N atoms in the pores, which are about ~0.2 eV higher in
energy. In the pore region Ni migration between B and N sites moving along BN bonds is
estimated to have a diffusion barrier of only -1.40 – (-1.52) = 0.12 eV. In the wire regions Ni
migration is likely to proceed via hopping between N and ring hollow sites with an associated
diffusion barrier of about only ~0.2 eV. Therefore the h-BN/Rh(111) nanomesh is likely a poor
prospect for facilitating the self-assembly of monodisperse Ni nanoparticles.

3.8 Comparison of the diffusion barriers for the metal adatoms

All of the estimated local and global diffusion barriers are summarized in Table 9. It can be seen
that most of these metal adatoms diffuse easily within the pore region of the h-BN/Rh(111)
nanomesh, except for perhaps Au. On the other hand, the global diffusion barriers vary
significantly, roughly with adatoms that adsorb more strongly to the nanomesh having higher
global diffusion barriers. Our results suggest that Pt and Au, Ag and Cu, and Pd and Ni should
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share similar nanoparticle nucleation and growth modes on the h-BN/Rh(111) nanomesh within
each pair, but display three distinctly different sets of behavior from one another.

Table 9: Summary of minimum adsorption
energy (in eV) and estimated diffusion barriers
(in eV) for metal adatoms on the h-BN/Rh(111)
surface.
Minimum
Local
Global
diffusion
diffusion
Eads
barrier
barrier
-2.10
0.76
1.34
Au
-2.91
0.06
1.23
Pt
-0.88
0.03
0.43
Ag
*
Pd
-1.54
0.16
-1.23
0.42
0.58
Cu
*
-1.72
0.12
Ni
*: The metal atom adsorbs more strongly not in
the pore region, but in one of the wire regions.

If we assume Arrhenius rates and a pre-exponential factor of 1012 s-1 for global
diffusion,[34] then the rates for moving from pore to pore would be 2.2×10-11, 1.6×10-9, 5.4×104,
and 1.6×102 s-1 for Au, Pt, Ag, and Cu respectively, at room temperature. Au adatoms are thus
predicted to be the least mobile, followed closely by Pt, whereas Ag and Cu adatoms are
significantly more mobile. Thus the h-BN/Rh(111) nanomesh should facilitate the nucleation
and growth of numerous size-limited and monodisperse Au and Pt nanoparticles at room
temperature because it prevents Au adatom migration over the h-BN film. The catalytic
properties of Au clusters grown on h-BN/Rh(111) is a topic of ongoing study, and early results
indicate that these particles may be active toward low-temperature CO oxidation.[38] On the
other hand, we expect the h-BN/Rh(111) nanomesh to be much less effective at driving the selfassembly of monodisperse nanoparticles for Cu and Ag because high adatom mobility results in
poor nucleation density. Pd and Ni in fact prefer to adsorb on the wire regions over the pore
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region, which suggests that they may tend to wet the h-BN/Rh(111) nanomesh instead of
forming discrete particles. As will be seen below, some of these predictions are supported by
experimental evidence.

3.9 STM imaging of Au, Pt, and Ag nanoparticles grown on h-BN/Rh(111)

As a verification of the theoretical predictions regarding TM diffusion on h-BN/Rh(111), we
have performed STM imaging for three of the metals (Au, Pt, and Ag) deposited on the
nanomesh surface at room temperature. As shown in Figure 8a, 0.16 ML deposition of Au on hBN/Rh(111) at room temperature results in uniform size-limited clusters confined to the h-BN
pore region. (In this image, the pores are imaged as bright regions surrounded by dark wires,
which is not reflective of the actual geometry of the nanomesh because adsorbates on the STM
tip are causing empty rather than filled electronic states to be imaged.[55]) This corroborates the
DFT based prediction that the nanomesh pores are effective traps that prevent Au from
agglomerating into large particles. Our prior experimental work on Au deposited under these
conditions has shown that 0.16 ML Au deposited at 300 K exists almost entirely as monolayer
and bilayer clusters in the pores, with a ratio of about 40% monolayer to 60% bilayer (or larger)
clusters.[27] It is worth noting that the size and morphology of Au nanoparticles grown on hBN/Rh(111) differs significantly from those grown on other nanomeshes. For example, Au
deposition onto graphene/Ru(0001) at comparable coverages results in Au wetting of the surface,
as large 2D Au particles which extend over multiple moiré cells and mimic the nanomesh
corrugation have been observed.[26] This is consistent with the lower diffusion barrier for Au
adatoms on graphene/Ru(0001) than h-BN/Rh(111).[36] Alternatively Au deposition on
g/Ir(111) results in disordered large 3D clusters of variable morphologies and thicknesses.[25]
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Therefore h-BN/Rh(111) appears to be an ideal template surface for promoting the growth of
monodisperse size-limited Au clusters. Moreover, it has recently been shown that Au
nanoparticles grown on h-BN/Rh(111) at low temperatures exhibit charging and CO binding
characteristics consistent with Au nanocatalysts supported on transition metal oxide surfaces.[38]

Figure 8. a) 0.16 ML Au/h-BN/Rh(111) deposited at 300 K, imaged at 300 K, 100×100 nm. Tip voltage
+1 V, tunneling current 100 pA. b) 0.4 ML Pt/h-BN/Rh(111) deposited at 300 K, imaged at 300 K,
80×80 nm. Tip voltage +0.1 V, tunneling current 5 pA. c) Fourier transform of the image in b). d) 0.15
ML Ag/h-BN/Rh(111) deposited at 300 K, imaged at 300 K, 125×125 nm. Tip voltage +1 V, tunneling
current 10 pA. A Sobel 3×3 gradient filter was applied to enhance edge contrast.

The Pt nanoparticles grown at low coverages are morphologically similar to those of Au,
as few-layer clusters are seen to nucleate exclusively in the nanomesh pores (Figure 8b). This is
again consistent with the DFT predictions. The Fourier transform of the Figure 8b, depicted in

34

Figure 8c, shows distinct bright spots with hexagonal symmetry, reflecting the well-ordered
nature of cluster nucleation in the pores. At 0.4 ML coverage, we observe approximately 80%
monolayer and 20% bilayer or thicker Pt clusters, which is a higher relative proportion of singlelayer clusters than observed for Au deposited under the same conditions. Pt deposition onto
graphene/Ir(111) also leads to the formation of size-limited and monodisperse nanoparticles,
which are confined to the fcc region of the graphene film.[25, 56]
The size, distribution, and morphology of Ag clusters grown on h-BN/Rh(111) differ
substantially from those observed for Au and Pt. As shown in Figure 8d, evaporating 0.15 ML
Ag results in a handful of large, widely separated clusters. In the large-scale image in Figure 8d,
the average cluster diameter is 5.6±1.1 nm, compared to the pore-pore array spacing of 3.2 nm
on h-BN/Rh(111), which is clearly observed in this STM image. Thus Ag clusters extend over
multiple pores, which is consistent with the diminished preference of Ag for binding in the pore
region. The average cluster height at this coverage is 0.92 ± 0.34 nm, clearly demonstrating that
even at low coverage Ag prefers to form multilayer clusters with a relatively broad distribution
of heights. This is in distinct contrast to the nucleation behavior of Au (Figure 8a), which shows
a preference to nucleate almost exclusively single-layer and bilayer clusters, and all of which are
confined to individual pores. As a result the h-BN/Rh(111) nanomesh is not a suitable candidate
for promoting the self-assembly of well-ordered and size-limited Ag nanoparticles at room
temperature. Given that the remaining transition metals considered here either exhibit a similar
pore-to-pore diffusion barrier to Ag (Cu), or have no special affinity for any region of the
nanomesh (Pd, Ni), a different surface will be required to prevent significant cluster
agglomeration for these species at room temperature. Incidentally, Zhou et al. have shown that
graphene/Ru(0001) is not such a suitable surface for nucleating Pd nanoclusters either.[26]
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4. Conclusions
Combined DFT and STM evidence suggests that the ability of the h-BN/Rh(111) nanomesh to
confine transition metal atoms in its pore region, and hence to promote the growth of size-limited
and monodisperse nanoparticles, depends critically on the identity of the metal. While Au, Pt,
Ag, Pd, Cu, and Ni atoms all receive negative charge from the support following their adsorption
on B sites in the pore region, their affinities for the pore vs. wire regions of the h-BN film vary
dramatically. Au and Pt strongly prefer the pore region, where they exhibit significantly higher
negative charging and greater covalent coupling to the 2D film than the other adatom species
considered in this study. Their pore-to-pore diffusion barriers are predicted to be > 1.2 eV,
which means that the mean diffusion distance of Au and Pt adatoms is unlikely to exceed one
pore. STM imaging of Au and Pt deposited on h-BN/Rh(111) at room temperature and
submonolayer amounts indeed shows numerous clusters which are confined to the pores, and
exhibit uniform diameters and heights of one to two layers. Ag and Cu, while still preferring
adsorption in the pore region, display significantly smaller pore-to-pore diffusion barriers of ~0.5
eV. Accordingly, STM shows a handful of large multi-layer-high nanoparticles whose diameters
well exceed the periodicity of the nanomesh upon Ag deposition onto h-BN/Rh(111). Finally,
Pd and Ni are predicted to have no special affinity for any region of the nanomesh, as their
adsorption energies in the pore and wire regions are nearly equal.
Hence, the h-BN/Rh(111) nanomesh is predicted, and shown, to be an effective support
for driving the self-assembly of well-ordered, monodisperse, and size-limited nanoparticles at
room temperature for Au and Pt, two important catalytic metals, and represents an attractive inert
platform for studying nano size effects on the catalytic properties of these metals. An alternative
36

support is required to facilitate size-limited cluster growth for the other metals. The success of
the DFT predictions indicates that our approach has the qualitatively predictive power for
nanoparticle nucleation and growth behavior on the h-BN/Rh(111) nanomesh, and may be
extended to predict the suitability of additional metal species for the formation of large arrays of
monodisperse nanoparticles on this intriguing surface.
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